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a b s t r a c t 
We present observations of H Ly- α and H 2 emissions on the body of Jupiter obtained during the Cassini 
ﬂyby in late 20 0 0 and early 2001. The H Ly- α emission is highly organised by System III longitude and 
latitude, peaking at a brightness of 22 kR between 90 and 120 ° longitude. This is known as the H Ly- α
‘bulge’. These observations add to a number of previous studies, showing that the feature is very long- 
lived, present over several decades. We show that there is a strong correlation between the prevailing 
solar H Ly- α ﬂux (measured at Earth) and the peak brightness of the H Ly- α bulge at Jupiter, which sup- 
ports the notion that it is primarily driven by solar resonance scatter. The H Ly- α brightness distribution 
is not aligned with the jovigraphic equator, but is approximately aligned with the particle drift equator 
of some, but not all, major Jupiter magnetic ﬁeld models. On the time scale of days, the bulge region ap- 
pears twice as variable as the non-bulge region. We propose that the electron recombination of H + 
3 
is an 
important reaction for the generation of the H Ly- α bulge, which requires an enhancement of soft elec- 
trons at the location of the bulge. We derive an equatorial H + 
3 
lifetime of 1.6 ± 0.4 h and a corresponding 
column averaged electron density of 1.7 × 10 9 m −3 . 
© 2016 The Authors. Published by Elsevier Inc. 
This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 
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Atomic hydrogen Lyman- α (H Ly- α) emissions are omnipresent
throughout the universe, and are produced when an electron
moves from the second to the ﬁrst orbital in the hydrogen atom.
The transition produces emission with a wavelength of 121.6 nm
in the far-ultraviolet (FUV) part of the spectrum. Since FUV light is
absorbed by the Earth’s atmosphere, space-borne instrumentation
is needed to observe this emission from extraterrestrial sources.
In the upper atmosphere of giant planets H Ly- α is generated by
three categories of processes: 
1. Excitation of hydrogen by solar H Ly- α photons and prompt
re-emission, known as resonance scatter. This produces ex-
tended emission in latitude and local-time about noon, on the
dayside of the planet. A smaller component can be produced
via resonance scatter of interplanetary and interstellar H Ly- α
emissions. 
2. Excitation of hydrogen by energetic electrons that traverse
down the magnetic ﬁeld lines, generating H Ly- α emission (e.g.
Clarke et al., 1989; Melin et al., 2011 ). 
3. There are several chemical reactions that have atomic hydrogen
as a product with varying levels of excitation depending of the
energetics of the process. Of particular importance are: ∗ Corresponding author. 
E-mail address: henrik.melin@leicester.ac.uk (H. Melin). 
 
t  
l  
l  
http://dx.doi.org/10.1016/j.icarus.2016.06.023 
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and 
H ∗2 + e → H + H (2)
where H ∗
2 
indicates the excitation from the single ground
state X(1 sσ 3 + u ) to the repulsive triplet states a (2 sσ 3 
+ 
g ) ,
a (2 pσ 3 + u ) , and a (2 p π3 u ), as described by e.g. Khare and
Moiseiwitsch (1966) . These reactions can introduce a signiﬁcant
time delay, e.g. between creation of H + 
3 
and the emission by H,
which depends on the lifetime of the chemical species. 
A longitudinal asymmetry in the H Ly- α emission from the
quatorial region of Jupiter was discovered independently by
larke et al. (1980) using the International Ultraviolet Explorer
IUE) and Sandel et al. (1980) using the Ultraviolet Spectrograph
UVS) on Voyager 1 and 2. They observed a brightness enhance-
ent between 60 ° and 120 ° System III longitude, centred in lat-
tude close to, but not at, the jovigraphic equator. This feature
as commonly been referred to as the H Ly- α bulge. Whilst the
ord ‘bulge’ may evoke thoughts of a physical protrusion, it is here
aken to mean an enhancement in the H Ly- α ﬂux at a particular
et of longitudes. 
Dessler et al. (1981) analysed Voyager UVS observations to map
he H Ly- α distribution on the body of the planet, showing a corre-
ation between the latitude of peak brightness of the bulge and the
atitude of the particle drift equator. Along this magnetic equatornder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 
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t  he magnetic ﬁeld lines are perpendicular to the force of gravity,
hich means that the E × B force will transport ions and electron
n the vertical direction. Depending on the direction of the electric
eld, electrons will either be transported up or down in altitude
and vice versa for ions). Dessler et al. (1981) utilised the God-
ard Space Flight Center (GSFC) O 4 magnetic ﬁeld model ( Acuna
nd Ness, 1976 ), based on Pioneer 11 ﬂyby in-situ observations
f the magnetic ﬁeld. The alignment of the particle drift equator
nd the H Ly- α emissions at all longitudes suggested that the H
y- α brightness is governed by a process connected to Jupiter’s
agnetosphere. They proposed that large scale convection could
rive hot plasma, generated by the volcanic moon Io, into the up-
er atmosphere, producing additional electron excitation of atomic
ydrogen. 
Analysing Voyager UVS observations of Jupiter’s night-side,
cConnell et al. (1980) found a bulge asymmetry present even
n the nightside. They modelled the Jupiter H Ly- α brightness ex-
ected for resonance scatter by interstellar H Ly- α photons, and
ound that they were only able to account for 50% of the ob-
erved brightness. To make up the difference, excitation by elec-
rons was proposed. Shemansky (1985) modelled the Voyager UVS
pectra and found a strong spectral component at 92 nm produced
y electron excited hydrogen, suggesting that solar resonance scat-
er was not the dominant mechanism by which the H Ly- α bulge
s produced, and that over 50% of the emission is produced by
lectron excitation, as also suggested by Dessler et al. (1981) . Ul-
imately, however, this requires some excitation mechanism that
referentially only excites atomic hydrogen, since electron excited
lectron H 2 has not been observed at elevated levels at the equator
 McConnell et al., 1980 ). 
The peak brightness of the bulge, as seen by the IUE, has
een seen to correlate well with the decreasing solar H Ly- α ﬂux
ssociated the solar-cycle 21 between 1979 and 1986 ( Skinner
t al., 1988 ), suggesting that the main production mechanisms is
olar resonance scatter, rendering electron excitation a minor
echanism. Also using the IUE data, McGrath (1991) observed
orphological changes in the bulge over time-scales of years, be-
ween 1979 and 1991. They observed signiﬁcant temporal changes,
ith the emergence of a longitudinal widening of the bulge after
eptember 1989. This shows that the mechanism responsible for
he H Ly- α bulge can be subject to dramatic temporal and spatial
hanges over long timescales. 
Clarke et al. (1991) observed the bulge using the IUE, measur-
ng the line width of the H Ly- α emissions, which was found to
e greater in the region of the bulge, compared to the non-bulge
egion, indicative of Doppler broadening by winds or by a small
uperthermal population. Similarly, ( Emerich et al., 1996 ) observed
he line broadening to be due to sharp features in the H Ly- α line
ings, arguing that they were produced by localised supersonic
urbulence in Jupiter’s upper atmosphere, with magnitudes of
5 km s −1 . The jets were modelled on a global scale by Sommeria
t al. (1995) , and they required velocities of ∼20 km s −1 in the
uroral region, as to generate the supersonic turbulence at equato-
ial latitudes of 5.2 km s −1 . This latter velocity is equivalent to an
tomic hydrogen temperature of 3200 K, signiﬁcantly hotter than
he ∼800 K observed in the equatorial H + 
3 
ionosphere ( Lam et al.,
997 ). There are largely unexplored physical implications for such
iolently turbulent cells, including the likely large amounts of Joule
eating, excitation, and ionisation. It is worth noting that ( Stallard
t al., 2001 ) only measures H + 
3 
velocities in the polar ionosphere
f a few km s −1 at an altitude of about 550 km above the 1 bar
evel and Chaufray et al. (2010) measured atomic hydrogen veloc-
ties in the auroral region between 4 and 8 km s −1 at an altitude
ange between 200 and 1500 km. This forcing is driven by large
cale magnetosphere–ionosphere–thermosphere interactions. Mid- o-low latitude Doppler measurements of H + 
3 
emissions analysed
y Johnson et al. (2016) showed the ionosphere to be rigidly coro-
ating with the magnetic ﬁeld, with no evidence for any large-scale
ows at the equator. 
In a parcel of stationary atmosphere, the majority of the atoms
ill have a velocity close to zero and will therefore emit close to
he H Ly- α rest wavelength. Along an extended H column in the
tmosphere, there will be signiﬁcant scattering at the H Ly- α line
entre, which means that the only surviving emission from the col-
mn originates from the near end, which in our case is near the
xobase, the very top of the atmosphere. In other words, at the line
ore, the vast majority of atoms remain invisible to an observer. H
y- α emission Doppler shifted away from the line core, produced
y H atoms with larger velocities, is subject to much less scattering
y overlying H with the same velocity component, and therefore
mission in the H Ly- α line wings originate from lower altitudes.
ecause the H Ly- α line is resonance-conservative in this man-
er, the Doppler shifted H Ly- α emission observed in the wings
y Clarke et al. (1991) and Emerich et al. (1996) originate from al-
itudes close to the homopause. Clarke et al. (1987) proposed that
he H Ly- α bulge is created from proton recombination, analogous
o the equatorial plasma fountain at the Earth. This recombination,
nhanced by the Lorentz force at the magnetic particle drift equa-
or, would produce fast H atoms that are able to populate the H Ly-
line wings. The characteristics of H Ly- α emission from Jupiter’s
pper atmosphere are explored in great detail by Ben Jaffel et al.
2007) . 
The H Ly- α bulge is one of many unexplained features of
upiter’s upper atmosphere (for an excellent overview, see Yelle
nd Miller, 2004 ), and it is currently unclear how many of these
hallenges are reconciled. Here, in an effort to add to our under-
tanding of this enigmatic region, we characterise the low-to-mid
atitude FUV H 2 and H Ly- α emissions observed from the dayside
nd nightside of Jupiter during the Cassini ﬂyby in late 20 0 0 and
arly 2001. 
. Observations and analysis 
.1. The Cassini UVIS instrument 
The Cassini Ultraviolet Imaging Spectrograph (UVIS; Esposito
t al., 2004 ) has both an extreme ultraviolet (EUV) and a FUV tele-
cope. The FUV instrument, used here, has 1024 spectral pixels,
nd a slit with 64 spatial elements, each covering 1 × 1.5 mrad.
he resulting spectral image covers 112–191 nm and has a spectral
esolution of R = λ/ λ ∼ 500 . This wavelength region includes the
 Ly- α line at 122 nm and the H 2 Lyman and Werner band emis-
ions between 90 and 160 nm. 
.2. The Jupiter UVIS observations 
The geometry of the Cassini spacecraft relative to Jupiter during
he late 20 0 0 and early 20 01 encounter is shown in Fig. 1 . The
mallest distance between Cassini and Jupiter during the ﬂyby
as 137 R J on 30 December 20 0 0 at 10:05. The observations
nalysed in this study were performed both before and after the
ncounter, capturing both dayside and nightside emissions. These
bservations were obtained when Cassini had a broad view of
ltraviolet emissions inside the magnetosphere and have been
nalysed extensively by Steﬄ et al. (20 04a, 20 06, 20 08, 20 04b) in
elation to the physical properties Io plasma torus, which sits at
 distance of about 6 R J . During these observations, the spacecraft
cans the Jupiter system, stepping the Cassini UVIS slit across it,
hich, at the centre, traverses the planet itself. A large number of
hese system scans were performed, which allows us to analyse
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Fig. 1. The location of the Cassini spacecraft relative to Jupiter as a function of time. 
The coordinate system is described in the bottom left corner: x is the distance from 
the planet along the Jupiter–Sun line, y is the distance orthogonal to x in the eclip- 
tic plane, and z is the distance from the ecliptic plane. Closest approach occurred at 
20 0 0–365 10:05:0 0, at a distance of 137 R J . The thick lines shows when during the 
encounter the data used in this study was obtained (see Table 1 ). The schematic 
illustration of Jupiter is not to scale. 
Fig. 2. The ﬁeld-of-view of the Cassini UVIS slit and individual pixels across Jupiter 
in 20 0 0–320, 20 0 0–344, 20 01–021, and 20 01–027 during the ﬂyby. The FOVs have 
been shifted in the vertical direction for ease of view. The size of the disc of Jupiter 
is also indicated. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. The number of Cassini UVIS pixels contained within each degree of latitude, 
taking into account the latitudinal extent of each pixel. These pixels are completely 
conﬁned on the planet. We are able to achieve excellent coverage at the equator and 
very poor coverage at the poles. The post-encounter observations are skewed to- 
wards negative latitudes since the spacecraft traversed through the equatorial plane 
during the encounter. 
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p  both long-term and short-term variability of FUV emissions from
the body of Jupiter. 
The size of the Cassini UVIS pixels relative to the disc of Jupiter
is shown in Fig. 2 , for four different times during the encounter.
The spatial resolution is very coarse, but by combining a very large
number of low resolution observations we can investigate the spa-
tial distribution of low-to-mid latitude body emissions of H 2 and H
Ly- α over the duration of the ﬂyby. The total exposure time on the
body of Jupiter is 195.6 h, contained within 1,789 individual spec-
tral images, not all of which traversed Jupiter. This analysis only
includes pixels that are completely on the planet, i.e. the vectors of
all four corners of a pixel emanating from the instrument must in-
tersect with the 1 bar surface on the planet. Additionally, we only
consider observations that were not subject to any spectral or spa-
tial binning. The latitude coverage per degree latitude is shown in
Fig. 3 , taking into account the latitude extent of each pixel. There
is excellent coverage at mid to low latitudes, but poor coverage at
the poles. 
The Cassini UVIS data was calibrated using the routines devel-
oped at the Laboratory for Atmospheric and Space Physics (LASP)
at the University of Colorado, Boulder. A correction factor of theosine of the emission angle, which is the angle between the sur-
ace normal and the pixel vector, was applied to account for the
entre to limb variation of the optically thick H Ly- α emissions.
his is an approximation: a more complete treatment would in-
olve a full radiative transfer model (e.g. Ben Jaffel et al., 2007 )
hich remains outside the scope of this work. 
The data is divided into pre and post-encounter sub-groups, and
he pre-encounter data is divided further into ﬁve groups, each
overing 5 days of observation, then subdivided again, to cover in-
ividual days, as shown in Table 1 . These groups will enable us to
nvestigate temporal variability. 
The average H Ly- α brightness of the interplanetary background
as 0.7 kR before the encounter and 1.4 kR after the encounter, in
eneral agreement with previous measurements at Jupiter ( Pryor
t al., 1996 ). The difference between the pre and post-encounter
rightness is caused by the ∼180 ° change in spacecraft pointing
irection during the encounter. Note that the background emission
s blocked out by Jupiter when observing emissions from the body
f the planet. 
.3. The mapping procedure 
The groups of observations listed in Table 1 were projected
o planetocentric latitude and System III longitude (or local-time)
nd averaged, producing spectral cubes, mapping emissions on the
lanet. We retrieve the Cassini UVIS boresight vector and space-
raft position using NASA’s Navigation and Ancillary Information
acility (NAIF, Acton, 1996 ) in the usual manner. 
The data is projected to a grid with a resolution of 15 ° in both
atitude and longitude/local-time, which is about size of a pixel at
he highest spatial resolution observation used in this study (see
ig. 2 ). This mapping procedure is similar in concept to that used
y Melin et al. (2009) . For the post- and pre-encounter data, only
ixels were used that were either completely on the dayside (pre-
ncounter) or completely on the nightside (post-encounter). This
pproach removes pixels that straddle the dawn and dusk meridi-
ns, ensuring, for example, that the analysis of nightside H Ly- α is
ompletely void of any bright dayside H Ly- α. 
In order to separate the H and H 2 components present in the
assini UVIS FUV spectrum, the H Ly- α line was ﬁtted with a line
roﬁle derived from observations of interplanetary H Ly- α. This
rocess takes into account the H Ly- α line proﬁle and the broad
H. Melin, T.S. Stallard / Icarus 278 (2016) 238–247 241 
Table 1 
The Cassini UVIS data used for the analysis of Jupiter’s H Ly- α bulge, showing the start and end-time in UT, the number of pixels used, the average resolution per pixel, the 
total integration time (  t), and whether the observations are nightside or dayside. Cassini’s closest approach to Jupiter occurred on 20 0 0–365 10:05 (see Fig. 1 ). 
Group Start time (UT) End time (UT) Pixels Res. (R J )  t ( h ) Local time 
All 20 0 0–320 11:45:36 2001–027 18:40:24 866 0 .54 195 .6 All 
Post-encounter 2001–021 16:07:44 2001–027 18:40:24 243 0 .50 34 .4 Nightside 
Pre-encounter 20 0 0–320 11:45:36 20 0 0–344 16:56:14 526 0 .56 146 .1 Dayside 
Group 1 20 0 0–320 11:45:36 20 0 0–324 15:29:35 32 0 .79 8 .9 Dayside 
Group 2 20 0 0–325 06:25:35 20 0 0–329 16:49:35 53 0 .70 14 .7 Dayside 
Group 3 20 0 0–330 06:05:35 20 0 0–334 16:29:35 80 0 .62 22 .2 Dayside 
Group 4 20 0 0–335 05:45:35 20 0 0–339 16:42:54 117 0 .55 32 .5 Dayside 
Group 5 20 0 0–340 05:25:35 20 0 0–344 16:56:14 244 0 .49 67 .8 Dayside 
Group 5a 20 0 0–340 05:25:35 20 0 0–340 12:38:55 22 0 .51 6 .1 Dayside 
Group 5b 20 0 0–341 0 0:48:14 20 0 0–342 01:10:55 50 0 .51 13 .9 Dayside 
Group 5c 20 0 0–342 02:50:54 20 0 0–343 01:04:54 94 0 .50 26 .1 Dayside 
Group 5d 20 0 0–343 12:40:15 20 0 0–343 21:0 0:14 37 0 .46 10 .3 Dayside 
Group 5e 20 0 0–344 08:36:14 20 0 0–344 16:56:14 41 0 .45 11 .4 Dayside 
Fig. 4. The spatial brightness distribution of H 2 from the disk of Jupiter during the Cassini ﬂyby in 20 0 0/20 01, for all the observations in Table 1 , projected to latitude and 
System III longitude. The dashed-dotted line is the magnetic L -shell at 2.5 R J , whilst the dotted line is at L = 6 R J , which is the distance from Jupiter at which the moon Io 
orbits. The brightness is capped at 3 kR, whereas the distribution peaks at about 10 kR. 
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w  ine-spread function of the UVIS instrument. Once ﬁtted, the H
y- α proﬁle was subtracted from the spectrum to leave only the
yman and Werner H 2 band emissions. The spectral resolution of
VIS FUV channel is 0.8 A˚ pixel −1 , which is insuﬃcient for the
nalysis of H Ly- α Doppler broadening, indicative of turbulence
nd bulk ﬂows. In this study, we map the integrated brightness
f H 2 and H Ly- α emissions. 
.4. Mapping uncertainties 
In mapping Cassini UVIS emissions there are three princi-
al sources of uncertainty. Firstly, there are inherent instru-
ental errors driven by ﬂat-ﬁelding and calibration producing a
10% uncertainty in the absolute calibration. Secondly, there are
mall errors associated with the calculations of the pointing of the
pacecraft relative to Jupiter. Given the large volume of data used
ere, we expect the effect of this to be averaged out over time.
hirdly, since the spacecraft is far away from Jupiter, the spectro-
raph pixels are large on the body of the planet. This puts inherent
imits on the accuracy to which we can determine the location of
rigin of emissions on the planet. These issues are mitigated by
apping a large number of pixels, and using a large mapping grid
ize. 
. Results and discussion 
In this section we present the results of the mapping of the
assini UVIS Jupiter ﬂyby observations, analysing average mor-
hologies of H Ly- α and H emissions on the body of the2 lanet. We sub-divide the observations into smaller temporal
ins, analysing short-term variability on time-scales down to days,
hich is then correlated to solar H Ly- α variability. We then com-
are the H Ly- α distribution to the location the particle drift equa-
or of four different Jupiter magnetic ﬁeld models, followed by an
nalysis of the H Ly- α emissions as a function of local-time. Finally,
e explore a possible mechanism by which the H Ly- α bulge can
e produced. 
.1. H 2 emissions 
The map of H 2 Lyman and Werner band emission derived from
ll available observations in Table 1 is shown in Fig. 4 . The emis-
ions broadly follow the shape of the VIP 4 ﬁeld model L-shells
 Connerney et al., 1998 ), indicated as dotted and dot-dashed lines,
learly indicating that the majority of the H 2 emissions are pro-
uced by impact excitation by precipitating auroral electrons. This
s the ﬁrst map of Jupiter’s aurora using Cassini UVIS observations.
espite the very low spatial resolution of the observations anal-
sed here, the aurora has a shape broadly consistent to that ob-
erved by the HST in the same interval ( Nichols et al., 2007 ). 
The emission does not form a complete auroral oval at constant
rightness, but is broken up, for which there are two principal
easons. Firstly, Fig. 4 is a temporally averaged view of the ultra-
iolet aurora over the course of the encounter, spanning over 2
onths, during which the instantaneous brightness of the aurora
as seen to vary by a factor of 2–4 ( Pryor et al., 2005 ). Secondly,
242 H. Melin, T.S. Stallard / Icarus 278 (2016) 238–247 
Fig. 5. The projected latitude and longitude brightness distribution of H Ly- α on the body of Jupiter derived from the pre-encounter observations, totalling about 146 h of 
integration. Only Cassini UVIS pixels contained completely on the dayside are used. There is a clear enhancement at about 100 ° longitude, referred to as the H Ly- α bulge. 
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ithe high latitude region is subject to a much smaller S/N than
lower latitudes, due to poor data coverage, as illustrated in Fig. 3 . 
The brightness of the derived H 2 emissions peaks at about 10
kR (whilst Fig. 4 is capped at 3 kR). This is signiﬁcantly lower than
the peak brightness observed by HST of about 250 kR, which ob-
served intermittently during the Cassini Jupiter encounter ( Nichols
et al., 2007 ). The narrow arcs of auroral emission observed by the
HST is here contained within large Cassini UVIS pixels, with the
auroral component occupying only a small fraction of pixels. The
fraction of a pixel occupied by auroral emission could reasonably
be as small as a 4%, thus reducing the observed brightness by a
factor of 25. 
We derive an upper limit for the H 2 Lyman and Werner band
brightness at equatorial latitudes of 290 R. This is lower than the
upper limit of 500 R derived by McConnell et al. (1980) . If the elec-
tron excitation process was signiﬁcant at low latitudes, then there
would be a strong H 2 component there, which is here notably ab-
sent. This agrees with Stallard et al. (2015) , who observed no dis-
cernible infrared H + 
3 
emissions outside of the main auroral oval on
the nightside of the planet. The absence of nightside H 2 ionisation
(which produces H + 
3 
) is consistent with very little H 2 excitation, as
both mechanisms require energetic electrons. This means that we
expect only a very minor component of the H Ly- α brightness to
be produced by electron excitation, commensurate with the level
of H 2 excitation. 
3.2. Dayside H Ly- α morphology 
The brightness distribution of H Ly- α derived from the dayside
pre-encounter data can be seen in Fig. 5 . There is a clear brightness
enhancement between 60 ° and 120 ° longitude, peaking at 22 kR.
The H Ly- α distribution as a whole, does not appear to be aligned
with the jovigraphic equator, but appears tilted to it, with a min-
ima of about 15 °S at around 280 ° longitude. At the peak bright-
ness, the emission has a full-width-half-maximum (FWHM) of
94 ° ± 16 ° latitude. The tilt of the distribution will be examined
in more detail in Section 3.6 . 
The brightness and morphology of the observations of H Ly- α
emission from the disc of Jupiter obtained here agree well with
pervious observations. Here, we obtain a peak dayside H Ly- α
brightness of 22 kR: ( Clarke et al., 1980 ) observed ∼25 kR, ( Sandel
et al., 1980 ) observed 22 kR, ( Dessler et al., 1981 ) observed 23
kR, ( Skinner et al., 1988 ) observed 19 kR at solar maximum, and
Gladstone et al. (2004) observed 21 kR. This tells us that the
peak brightness of the bulge is relatively stable over at least two
decades, or almost two jovian years. .3. Nightside H Ly- α morphology 
The nightside latitude and longitude distribution of H Ly- α is
een in Fig. 6 , using only pixels that are completely contained on
he night-side, derived by mapping the post-encounter observa-
ions in Table 1 . There is signiﬁcant noise, but there is a clear en-
ancement about 100 ° longitude, with a peak brightness of 1.5 kR,
bout 6% of the dayside bulge. 
The presence of the H Ly- α bulge on the nightside is interest-
ng. Here, the absence of sunlight means that solar resonance scat-
er cannot be responsible for producing the emissions. In addition,
iven that there are no signiﬁcant H 2 emissions at the equator, as
utlined in Section 3.1 , the nightside bulge cannot be produced by
lectron excitation. This means that on the nightside, H Ly- α is ei-
her produced by resonant scatter by interplanetary and interstel-
ar emissions, or through chemical pathways, such as Eqs. (1) and
2) . 
This analysis of Cassini nightside observations is in agreement
ith the analysis of McConnell et al. (1980) Voyager UVS nightside
bservations, deriving a peak H Ly- α bulge brightness of 1.2 kR,
imilar to what is derived here. The brightness of the nightside H
y- α bulge is about equal to the background interplanetary H Ly- α
uring the post-encounter observations. 
.4. Temporal variability 
Given the large volume of data in Table 1 , there is opportunity
o sub-divide the observations into smaller temporal bins to inves-
igate variability over time. In this section, we examine the tem-
oral variability of the H Ly- α bulge on the time-scale of weeks to
ays, and correlate these with solar H Ly- α emissions. 
.4.1. Variability on timescales of 25 days 
Fig. 7 a shows the H Ly- α brightness averaged between 30 °N
nd 30 °S latitude as a function of longitude for Groups 1–5 in
able 1 , spanning 15 November 20 0 0 to 9 December 20 0 0. The
olid black line shows the average H Ly- α distribution over these
5 days. 
There is signiﬁcant variability across all longitudes, with up to
 10 kR difference, e.g. between Group 1 and 3 at 100 ° longitude.
he variability is structured, however, with each week being offset
rom any other. This will be investigated further in Section 3.4.3 .
roup 5 stands out in this set, with a less bright bulge region com-
ared to the non-bulge region. The variability within this group is
nvestigated in more detail in the next section. 
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Fig. 6. The spatial brightness distribution of H Ly- α as in Fig. 5 , but for post-encounter observations, which only includes Cassini UVIS pixels contained fully on the nightside, 
incorporating 34 h of exposure. Whilst much weaker than the dayside brightness ( Fig. 5 ), an enhancement is still visible at about 100 °. 
Fig. 7. a) The brightness of H Ly- α about the equator of Jupiter, between 30 °N and 
30 °S latitude, as a function of System III longitude, for Group 1–5 listed in Table 1 . 
The average proﬁle is plotted as a bold. b) The de-trended brightness residuals of 
each proﬁle once the average shape and offsets have been subtracted. The shaded 
region shows standard deviation of these proﬁles, giving de-trended variability of 
about ±1 kR, both in the bulge (right) and non-bulge region (left). 
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Fig. 8. The H Ly- α brightness and variability about Jupiter’s equator for Groups 5a–
5e, in the same manner as Fig. 7 . There are abrupt dips in the data about 0 ° lon- 
gitude caused by poor data coverage. The de-trended residuals shown in b) show a 
greater variability inside the bulge region, compared to the anti-bulge region. 
7  
m  
b  
d  
b  
s  
r  
d
3
 
f  
o  
d  
i  
p  
r  
t  
l  
i
 
g  
a  Assuming that the offsets in Fig. 7 a are wholly correlated with
olar H Ly- α, or some other mechanism that shifts the H Ly- α by
 constant amount over all longitudes, we investigate the inher-
nt variability of the H Ly- α longitude distribution. First, to re-
ove the average shape of the bulge distribution, we subtract the
ean proﬁle (thick line) from each individual proﬁle. Second, we
ubtract the mean of each proﬁle as to remove the constant shifts
roduced by variability in the solar H Ly- α ﬂux. The resulting de-
rended brightness residuals are shown in Fig. 7 b, with the shaded
rea showing the standard deviation for both the bulge and non-
ulge regions. The variability in Fig. 7 b is about equal in the bulge
egion and the non-bulge region, 1.0 and 1.2 kR respectively. 
In Fig. 7 , there is a longitudinal wave pattern present in the H
y- α proﬁles with a wavelength of ∼60 ° longitude, for which we
an offer no good explanation. These proﬁles were derived using
 minimum of 8.9 h of observations, and so we do not expect any
ajor data artefacts, as these would have been averaged out. If this
ersistent pattern is real, it has the appearance of a standing wave
f brightness along the equator. 
Group 5 in Fig. 7 (long-dashed) has a bulge that is less bright
han the other groups, with a brightness of 18 kR, which is5% of the observed peak brightness (Group 3). The mean mini-
um brightness of all proﬁles is 13 kR. Group 5 has a minimum
rightness of 14 kR, indicating that during this interval, the bulge
immed whilst the non-bulge region did not. The fact that the
ulge and non-bulge region can vary independent of each other
uggests that the mechanism that produces the H Ly- α asymmet-
ic distribution can undergo signiﬁcant changes over the period of
ays, and can vary as a function of longitude. 
.4.2. Variability on timescales of 5 days 
Fig. 8 a shows the H Ly- α brightness for Groups 5a and 5b as a
unction of System III longitude, in the same manner as Fig. 7 . As
utlined in the above section, the bulge is dimmed by up to 25%
uring this interval, compared to the longer interval that preceded
t. Group 5a and 5b are depressed at about 0 ° longitude due to
oor data coverage. During the 5 days of data in Fig. 8 the bulge
emains suppressed at about 18 kR, with much less variability be-
ween individual proﬁles compared to the 25 day interval. This is
ikely dependent on the prevailing solar H Ly- α ﬂux, as explored
n Section 3.4.3 . 
The standard deviation in the de-trended residuals in Fig. 8 b is
reater in the bulge region compared to the non-bulge region, 1.24
nd 1.0 kR respectively, rendering the bulge region more variable.
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Fig. 9. The peak H Ly- α bulge brightness observed in the sub-groups deﬁned in 
Table 1 (solid bars), and the prevailing solar H Ly- α brightness observed from Earth 
orbit by SOLSTICE instrument on the UARS spacecraft: the dashed line show the 
daily average, and the horizontal solid bars show the average ﬂux over each group. 
The Pearson correlation coeﬃcient is 0.76, indicating a strong correlation. The Sun–
Earth–Jupiter angle was ∼ 140 °. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10. The H Ly- α brightness of Jupiter as a function of local-time, averaged be- 
tween 15 °N and 15 °S. The solid line includes all pixels (see Table 1 ), whilst the solid 
bars is derived using post-encounter pixels completely conﬁned on the nightside of 
the planet. Due to the spacecraft trajectory during the encounter, there is no data 
coverage in the early morning sector. 
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i  This means that the mechanism that gives rise to the bulge asym-
metry is more variable at the location of the bulge, where the H
Ly- α is the brightest, at least on time-scales of days. This variabil-
ity averaged out on the longer 25 day timescales as seen in Fig. 7 .
The fact that there is more variability where the H Ly- α brightness
is largest reveals an intrinsic property of this region, and any pro-
posed mechanism must be able to account for this feature. Emerich
et al. (1996) also observed short-term variability, with the shape of
the H Ly- α line proﬁle changing on time-scales of minutes. 
3.4.3. Correlation with solar H Ly- α
If the primary H Ly- α production mechanism is resonance scat-
ter of solar H Ly- α, we expect there to be a direct relationship be-
tween the solar irradiance and the brightness at Jupiter as seen by
Cassini UVIS. In this section we examine the relationship between
the variability of Jupiter’s H Ly- α bulge and solar H Ly- α ﬂux. 
The daily average solar H Ly- α brightness was measured by the
SOLar STellar Irradiance Comparison Experiment instrument (SOL-
STICE, Woods et al., 1996 ) onboard the Earth orbiting Upper At-
mosphere Research Satellite (UARS), which operated between 1991
and 2005. This data is publicly available on the LASP website. 1 The
mean solar H Ly- α ﬂux during this interval is 5.3 × 10 15 m −2 s −1 ,
with a peak of 6.1 × 10 15 m −2 s −1 . Fig. 9 shows the peak H Ly-
α bulge brightness observed for Groups 1–4 and Groups 5a–5e as
solid bars. The daily average of the H Ly- α solar ﬂux observed at
Earth is shown as a dashed line and the horizontal lines show the
average solar ﬂux during each group. There is a very good corre-
lation between solar ﬂux observed at Earth and the peak H Ly- α
emissions seen at Jupiter, with a correlation coeﬃcient of + 0.76,
indicative of a strong dependence. One reason for the correlation
not being stronger may be that there is a 140 ° separation between
the Earth and Jupiter, and the emission from the Sun is not the
same at all solar longitudes. Also note that the observations in
Table 1 are not continuous throughout each week or day. 
Skinner et al. (1988) found a correlation coeﬃcient between so-
lar H Ly- α ﬂux and bulge brightness of + 0.84, slightly higher than
derived here. They did not compare directly observed solar H Ly- α
ﬂux, but used a 7 day rolling average of the number derived from
the He I 1.08 μm proxy. Here, we investigate the one to one rela-
tionship between solar and bulge brightness. Regardless, it is clear1 http://lasp.colorado.edu/home/solstice/ . 
s  
s  
l  hat with such a good correlation between solar H Ly- α ﬂux and
 Ly- α bulge brightness, the dominant H Ly- α production mecha-
ism is solar resonant scatter. This is consistent with the absence
f any signiﬁcant H 2 emission at low latitudes ( Fig. 4 ). 
.5. Local-time distribution 
The observations in Table 1 can also be mapped onto a latitude
nd local-time grid. The equatorial H Ly- α distribution of all the
bservations (solid line) and the post-encounter nightside observa-
ions (solid bars), is shown in Fig. 10 . The nightside of the planet is
haded grey. There is a data gap in the pre-dawn sector, this region
as not visible to Cassini during the Jupiter ﬂyby. 
Fig. 10 shows a clear dayside enhancement, consistent with so-
ar resonance scatter being the dominant production mechanism.
here is a peak about noon, but the brightness falls off faster post
oon than it ramps up before it. At dawn and dusk, there are pix-
ls that traverse the terminator of the planet (i.e. the dawn and
usk meridians), having the effect of brightness being recorded as
ppearing just pre-dawn and post-dusk. Interpreting the local-time
roﬁle is made more complicated by the fact that it is also subject
o the rotating H Ly- α bulge enhancement, which is ﬁxed in lon-
itude. It should also be noted that our cosine approximation in
orrecting for the centre of planet to limb H Ly- α brightness vari-
tions could have the effect of enhancing emissions at the limb.
owever, whilst the pre-encounter observations are obtained with
he spacecraft close to local noon (see Fig. 1 ), the post-encounter
bservations are obtained with the spacecraft at a local time of
21:00, which means that the post-dusk sector is not subject to a
arsh cosine correction. 
.5.1. H + 
3 
lifetime 
As the equatorial upper atmosphere of Jupiter rotates out of
iew from the Sun at dusk, the H Ly- α solar resonance scatter pro-
ess switches off. Fig. 10 shows a decrease of the H Ly- α ﬂux away
rom the dusk meridian, reaching a value of 0.2 kR after midnight.
his constant component is produced by interplanetary and inter-
tellar H Ly- α resonance scatter, and we expect this to be constant
cross the nightside disc of Jupiter. 
Having ruled out solar resonance scatter and electron excita-
ion, the H Ly- α falloff after dusk must be produced via a chem-
cal pathway. These are the dissociative excitation of H 2 and dis-
ociative recombination of H + 
3 
(Reactions 1 and 2 ). However, as
een in Section 3.1 , there is very little H 2 emissions at equatorial
atitudes, ruling out Eq. (2) as it requires electron excitation. We
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Fig. 11. The latitude location of the peak H Ly- α brightness of Fig. 5 , as a function 
of System III longitude, tabulated in Table 2 . Also shown is the latitude of the parti- 
cle drift equator (i.e. where the magnetic ﬁeld lines are parallel to Jupiter’s ‘surface’) 
as a function of longitude for four jovian magnetic ﬁeld models. The more recent 
models improve upon the high latitude ﬁeld mapping using the auroral footprints of 
the Galilean moons. The true location of the particle drift equator is clearly poorly 
constrained by the models. 
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Table 2 
The latitude ( φ) and System III longitude ( θ ) location of the 
peak H Ly- α brightness on the body of Jupiter, for the pre- 
encounter dayside observations, shown in Fig. 5 . The width 
of each longitude bin is 15 ° (e.g. the ﬁrst bin covers 0 ° ≤ φ
< 15 °). 
φ ( °) θ ( °) θ ( °) 
0 −1 .5 4 .1 
15 1 .0 4 .1 
30 3 .3 4 .3 
45 6 .5 4 .7 
60 6 .6 4 .0 
75 6 .5 3 .8 
90 7 .1 3 .4 
105 6 .9 3 .4 
120 4 .2 3 .3 
135 0 .4 3 .6 
150 0 .8 3 .9 
165 0 .9 4 .2 
180 −9 .5 4 .7 
195 −12 .3 4 .7 
210 −15 .0 4 .9 
225 −16 .0 5 .5 
240 −15 .8 5 .7 
255 −16 .2 6 .2 
270 −15 .4 6 .0 
285 −14 .9 5 .9 
300 −13 .3 5 .8 
315 −11 .6 5 .6 
330 −3 .2 5 .9 
345 −4 .8 5 .0 
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 herefore expect the component of H Ly- α produced on the night-
ide to be dominated by the dissociative recombination of H + 
3 
. As-
uming that decreasing post-dusk H Ly- α is produced in this man-
er, we ﬁnd a H + 
3 
lifetime of 1.6 ± 0.4 h, by simply measuring
he distance (in time) from the dusk meridian to the point where
he H Ly- α emission has levelled out. The error is the size of one
ocal-time bin. This compares to the 1.05 h derived by the Jupiter
onosphere Model (JIM, Achilleos et al., 1998 ). Using an H + 
3 
recom-
ination rate constant of 10 −12 m 3 s −1 ( Leu et al., 1973 ), we de-
ive an electron density of 1.7 × 10 9 m −3 . This is effectively the
lectron density near the H + 
3 
density peak and is consistent with
 Achilleos et al., 1998 ), and is about 200 times smaller than the
eak value observed by Voyager 2 radio occultation measurements
t 66 °S ( Hinson et al., 1998 ), contained in very sharp layers. Note
hat the value for the electron density derived here is longitude
veraged, and we are unable to make any declarative statement
bout the electron density of the bulge relative to the non-bulge. 
.6. Alignment with the magnetic equator 
The latitude and longitude location of the peak H Ly- α bright-
ess of Fig. 5 is shown in Fig. 11 , and is tabulated in Table 2 . The
istribution is clearly not aligned along the jovigraphic equator, but
s tilted away from it. Both ( Clarke et al., 1981 ) and Dessler et al.
1981) mapped the H Ly- α emission, noting that it was clearly
xed in System III longitude. Dessler et al. (1981) used the mag-
etic ﬁeld model of Acuna and Ness (1976) to investigate the spa-
ial overlap between the H Ly- α distribution and the particle drift
quator. Since these studies, the magnetic mapping has been sig-
iﬁcantly improved using observations of the auroral footprints of
he Galilean moons ( Connerney, 2007; Connerney et al., 1998; Hess
t al., 2011 ). 
Fig. 11 also shows the location of the particle drift equator
or four different ﬁeld models: the O 4 model ( Acuna and Ness,
976 ), the VIP4 model ( Connerney et al., 1998 ), the VIT4 model
 Connerney, 2007 ), and the VIPAL model ( Hess et al., 2011 ). It is
eadily apparent that the magnetic drift equator is poorly con-
trained in these models, with differences in the location of up
o ∼50 ° of latitude at ∼300 ° longitude. Consequently, the quality
f the correlation between the location of the H Ly- α bulge and
he magnetic drift equator is strongly dependent on the magnetic
eld model used. The correlation coeﬃcients are 0.77 for O , 0.244 or VIP4, 0.32 for VIT4, and - 0.04 for VIPAL. This indicates a strong
orrelation for the O 4 model and no correlation at all for the VIPAL
odel. Therefore, unlike Dessler et al., 1981 , we cannot unambigu-
usly conclude that the H Ly- α brightness is distributed along the
article drift equator. It may not be a coincidence that the ﬁeld
odel that relies least on constraints from observations of auroral
orphologies has the strongest correlation. 
In the observations presented here it is unambiguously clear
hat the H Ly- α bulge in Fig. 5 is not aligned with the jovigraphic
quator, but is instead tilted away from it. It is also highly struc-
ured in System III magnetic longitude. This strongly suggests that
he bulge is driven by a process intrinsically linked to the magnetic
eld. If the low-to-mid latitude H Ly- α emissions are indeed gen-
rated on the particle drift equator, then these observations can be
sed to constrain existing magnetic ﬁelds models, adding an im-
ortant equatorial constraint. Note that the H Ly- α emission ap-
ears aligned with the particle drift equator at all longitudes, not
ust at bulge longitudes. 
.7. How is the H Ly- α bulge produced? 
It is, as of yet, unclear what drives the production of Jupiter’s H
y- α bulge. We have the following pieces of evidence: 
1. It is strongly correlated with solar H Ly- α ﬂux, supporting the
notion that the dominant H Ly- α emission mechanism is so-
lar resonance scatter (this work; Skinner et al., 1988 ). There
is a smaller component produced by H Ly- α resonance scat-
ter by interplanetary and interstellar hydrogen and via chemical
reactions, most notably electron recombination of H + 
3 
, produc-
ing H Ly- α emissions that fall off post-dusk. This is consistent
with electron impact being a minor excitation mechanism at
the equator (this work; McConnell et al., 1980 ). 
2. It is highly structured by magnetic System III longitude and
does not follow the jovigraphic equator (e.g. this work; Clarke
et al., 1980; Sandel et al., 1980 ). Depending on which mag-
netic ﬁeld model the H Ly- α distribution is compared to, the
emission may be coincident with the particle drift equator (this
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 work; Dessler et al., 1981 ). Taken together, this implies a strong
link between the H Ly- α emissions and the magnetic ﬁeld. 
3. Emission at the bulge has a broadened H Ly- α line proﬁle
( Clarke et al., 1991 ), which implies either a small superthermal
component or intense wind ﬁelds, predicted to be in the order
of ∼5 km s −1 ( Sommeria et al., 1995 ). Since the wings of the
H Ly- α line are not subject to signiﬁcant self absorption the ef-
ﬁciency of the resonant scatter process is increased ( Ben Jaffel
et al., 2007 ), and the bulge need not, at least in part, represent
an enhancement in the density of hydrogen. 
An additional important constraint, hitherto largely overlooked,
is provided by Lam et al. (1997) , who measured the latitudinal dis-
tribution of infrared H + 
3 
emissions as Jupiter rotated underneath
their long-slit spectrograph. This provided a measure of H + 
3 
tem-
perature, density, and total emission across latitude and System III
longitude. At the equatorial location of the H Ly- α bulge ( ∼100 °),
there is a broad distinct depression in the H + 
3 
total emission ( Fig. 7
in Lam et al., 1997 ), which suggests that H + 
3 
is being lost here at a
faster rate than at other longitudes. This becomes important since
the recombination process of Reaction 1 is a means by which to
lose H + 
3 
and gain atomic hydrogen. The rate at which H + 
3 
is lost
via recombination is governed by the electron density, δ[ e −] : 
d 
dt 
δ(H + 3 ) = −δ[ e −] κr (H + 3 ) (3)
where δ(H + 
3 
) is the volumetric H + 
3 
number density and κr (H 
+ 
3 
)
is the H + 
3 
recombination rate constant (e.g. Larsson et al., 2008 ).
Hence, in order to increase the recombination of H + 
3 
(i.e. increase
the loss rate) and drive the production of atomic hydrogen, the H
Ly- α bulge region needs to have an elevated electron density, at
the H + 
3 
altitude, compared to other longitudes. Given that the en-
ergetics of this reaction remains unknown ( Clarke et al., 1991 ), it is
possible that the H + 
3 
recombination reaction could produce ener-
getic products that would populate the H Ly- α wings, in line with
the observations of H Ly- α broadening at the location of the bulge
( Clarke et al., 1991; Emerich et al., 1996 ). This requires an enhance-
ment of soft electrons at the H + 
3 
altitude, as to not produce any
signiﬁcant levels of H 2 excitation. 
Fig. 11 shows that the entire H Ly- α distribution is tilted away
from the jovigraphic equator, suggesting that the production of H
Ly- α is linked to the magnetic ﬁeld at all longitudes. At the longi-
tude of the bulge this mechanism may be enhanced relative to the
non-bulge. At the particle drift equator, the electrodynamic E × B
drift is aligned along the surface normal, upwards for electrons and
downward for ions. At Earth, this produces the equatorial plasma
fountain (e.g. Balan and Bailey, 1995 ). The density of H + 
3 
ions peaks
at about 550 km above the 1 bar level ( Melin et al., 2005 ) whereas
the electron density is distributed in sharp layers, contained be-
tween 300 and 2,000 km ( Hinson et al., 1998 ). It is conceivable
that the E × B force could merge high concentrations of H + 
3 
and
electrons together, greatly enhancing the electron recombination
rate of H + 
3 
. If the H + 
3 
recombination reaction produces energetic
atomic hydrogen which emits H Ly- α in the line wings via solar
resonance scatter, then the hydrogen density enhancement need
not be large. In this case, the variability of the H Ly- α ﬂux along
System III longitudes is driven by differences in the magnetic ﬁeld
strength along the particle drift equator. Further study is required
to explore this mechanisms in detail. 
4. Summary 
The Cassini UVIS observations of Jupiter’s low to mid latitude
FUV emissions has revealed the H Ly- α to be a persistent feature
of the upper atmosphere. We observed a brightness enhancement
between 90 and 120 ° System III longitude, peaking at 22 kR. There
is a strong correlation between the observed peak bulge brightnessnd solar H Ly- α brightness indicating that that resonant scatter is
he dominant production mechanism for H Ly- α emissions. Pro-
ecting the data to local-time has shown that the H Ly- α proﬁle
rops off slowly after dusk, revealing a component of H Ly- α pro-
uced via the dissociative electron recombination of H + 
3 
. Using this
roﬁle, we derive an H + 
3 
lifetime of 1.6 ± 0.4 h at the equator, and
alculate an electron density of 1.7 × 10 9 m −3 . 
We propose that the H Ly- α bulge is driven by electron re-
ombination of H + 
3 
in which H + 
3 
is lost and H is produced. This
equires an enhanced ﬂux of soft electrons at the location of the
ulge, which could be driven by an E × B drift at the particle drift
quator, merging dense layers of H + 
3 
and electrons. 
It is clear that the H Ly- α bulge remains a mystery, even in the
ost-Cassini era. Future observations at higher spatial resolution,
nd at higher spectral resolution can add signiﬁcantly to our un-
erstanding of this enigmatic feature. 
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